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Ghyben-Herzberg principle states that a freshwater lens, floating on seawater, will have a thickness equal to ^1 times the head (water-table elevation) of freshwater above sea level. Freshwater and seawater are actually separated by a transition zone where chloride concentrations increase sigmoidally with depth.
At Waiawa shaft the lens thickness is about 800 feet. By skimming water from a large area near the surface of the lens, the possibility of drawing underlying seawater into the shaft is reduced. Soroos and Ewart (1979) showed that pumping from the aquifer is causing the lens to shrink, probably causing seawater to move closer to the shaft. Another source of salt in the water produced from Waiawa shaft is irrigation-return water. This water results from irrigation water (chloride concentration about 1,000 mg/L), which is drawn, in part, from the saline transition zone by deep wells and applied to sugarcane fields that overlie the shaft. A significant fraction of this water infiltrates through the ground and degrades the upper portion of the ground-water lens. This study was designed to determine the extent that the irrigation-return water and seawater affect the water at Waiawa shaft.
Historic and recent chloride and pumpage data, water-chemistry data, and pumping tests support the conclusion that nearly all the salts in Waiawa shaft water result from irrigation-return water. Water from many wells in the Pearl
Harbor ground-water basin contains some fraction of irrigation-return water (Tenorio and others, 1969; Hufen and others, 1980) . A continued shrinking of the freshwater lens will increase the potential for seawater contamination of water from Waiawa shaft in the future.
The quality of water produced from the shaft results from complex relationships among the ambient ground-water flow system, the pumping rate at Waiawa shaft, irrigation water quality and quantity, and the climactic fluctuations which affect ground-water recharge. When Waiawa shaft is pumped, the degraded water, which occurs near the top of the lens, is removed and diluted with freshwater that comes from deeper in the lens. At lower pumping rates there is less dilution. Although the water quality at the shaft can be controlled to some extent by changing the pumping rate, in general, the quality also will be subject to fluctuations or trends in irrigation, climate, and the regional ground-water flow system.
If high-salinity water continues to be used for irrigation, the chloride concentration of Waiawa shaft water will probably be about 200 to 220 mg/L in years of normal rainfall. In dry years, when more irrigation water of lower quality is applied, the chloride concentration of the shaft water will probably increase. The chloride concentration of the irrigation water used in the vicinity of Waiawa shaft has historically increased in steps, principally in response to local and regional increases in pumping. Presently, the chloride concentration appears to have stabilized. However, if it increases further, so will the chloride concentration of Waiawa shaft water.
If the application of high-chloride irrigation water is discontinued, the chloride concentration of the shaft water is likely to decline to about 100 mg/L within five years. This conclusion is based on ground-water flow rates and analogy with other wells in the Pearl Harbor basin.
A deep monitor well located near Waiawa shaft would provide the clearest understanding of the source of salts in the shaft water.
Such a well would become even more useful if the lens continues to shrink and seawater encroaches farther into the lens.
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Mr (1969) and by Lao and others (19&9) show that this more saline zone can be as much as 300 feet thick. Hufen and others (1980) showed that this zone becomes thinner and/or more dilute with distance inland (upgradient) from the basin's southern boundary. A schematic representation of the chloride ion distribution in the Pearl Harbor ground-water lens is presented in figure 6 .
METHODS OF STUDY
The study undertaken by the Geological Survey was designed to evaluate the impact of four factors on the resultant chloride concentration of the water pumped from Waiawa shaft: (l) the ambient flow and water quality of the ground water of the Pearl Harbor ground-water basin; (2) the quantity and quality of the irrigation water applied to fields in the vicinity of Waiawa shaft; (3) the depth to the transition zone which underlies the fresh basal water; and (4) the rate of pumping at Waiawa shaft which determines the extent of mixing and removal of these waters of different chemical compositions. The following activities were performed to obtain the information required for this study. 
Review of Existing Records and Reports
Several reports provide regional descriptions of the hydrology of the Pearl
Harbor ground-water basin. These reports include:
(1) Geology and Ground-Water Resources of the Honolulu-Pearl Harbor Area, Oahu, Hawaii (Wentworth, 1951) ;
(2) Ground-Water Resources of Southern Oahu (Visher and Mink, 196A) ; Hawaii, 1978 (Soroos and Ewart, 1979) ; and (A) State of the Groundwater Resources of Southern Oahu (Mink, 1980) .
Several other reports address the changes in water quality resulting from irrigation and increased development of water from the Pearl Harbor ground-water basin.
These reports include:
(1) Land Use and Its Effect on the Basal-Water Supply, Pearl Harbor Area, Oahu, Hawaii, 1931 -65 (Dale, 1967 ; 
Pumping Tests
Constant-rate pumping tests were designed and monitored for Waiawa shaft. 
Review of Existing Records and Reports
With an understanding of the hydrology of the Pearl Harbor aquifer as described in the Introduction and Regional Hydrology section, a history of the hydrology of the area in which Waiawa shaft is located can be formulated from existing records and reports. Prior to the late 1800's, ground water in the area of Waiawa shaft had a head of about 34 feet above mean sea level (Visher and Mink, 1964 ) and probably had a chloride concentration of about 10-20 mg/L as indicated by recent analyses of water from an uncontaminated source, Waipahu pump 17 ( fig. 1 ).
In 1898, drilling began for the 14 wells at the Waipahu pump 6 station.
Excavations were made from the ground elevation, 40 feet above sea level, to about 7 feet above sea level where drilling commenced. The wells were drilled to depths of 500 to 700 feet below sea level. Because the tops of the wells were below the water table (the elevation of the water table was approximately 34 feet in 1898 and was 17.5 feet in 1980), water flowed freely from the wells. A header system connected all the wells and transmitted the water to pumps 6A and 68. The pumps then raised the water to the fields which were at elevations of more than 400 feet.
The earliest recorded chloride concentration of Waipahu pump 6A water was 46 mg/L on October 24, 1898 (Stearns and Vaksvik, 1938) . than it was in 1900 without a corresponding increase in pumpage, it is evident that the decline in freshwater heads experienced at Waipahu pump 6 has been accompanied by a rise in the bottom of the lens which has brought saltier water within the radius of influence of the wells.
The ground water in the vicinity of Waiawa shaft had become degraded to a point when, in 1950, the first water pumped from the shaft had a chloride concentration of more than 300 mg/L. However, pumpage from the shaft removed some of the more saline water and caused mixing with subjacent fresher water, In the mid-1960's the routing of Waiahole and Ahrens ditch water (10 mg/L Cl ) to sugarcane fields 515 and below was discontinued. In December 1978, the use of Waipahu pump 68 was virtually discontinued. Sugarcane is grown on a 23-month cycle, and irrigation is withheld for 2 to 3 months prior to harvest.
About half the sugarcane fields in the 500-series fields are harvested in odd years (for example, 1979) from February through October and about half are harvested in even years.
Irrigation during periods of high evapotranspirat ion (the summer months) is insufficient to meet the sugarcane's water needs; thus, soil moisture is lower and the proportion of irrigation which infiltrates past the root zone is less than during periods when irrigation is in excess of plant requirements (the winter months). Therefore, during the summer, salts from the irrigation water accumulate in the soil. During the winter, irrigation and rainfall in excess of plant requirements dissolve the accumulated salts from the soil and produce ground-water recharge containing a fairly high concentration of salts. Neither Oahu Sugar Co. nor Hawaiian Sugar Planter's Association could provide soil water data for fields irrigated by Waipahu pump 6 water, but their experience in other fields indicates that there is no long-term trend of rising soil chloride.
Work by Green and others (1982) indicates that the flow rate of water through the unsaturated section may average about 5 feet per day. The vertical distance that irrigation-return water must travel to arrive at the water table is about 400 feet in the vicinity of Waiawa shaft, which indicates a travel time of about 3 months. Therefore, within a year of the time that irrigation with highchloride water is discontinued Waiawa shaft water quality will start to improve.
Eight field trips to Waipahu pump 6 and the re servo i r which it suppl ies were made from June to October 1980 to determine the quality of water applied to the sugarcane fields. The irrigation water comes directly from the pipeline fed by Waipahu pump 6 or the reservoir fed by Waipahu pump 6. Water samples from the two sources were analyzed for specific conductance, chloride, and nitrogen. Partial results of these analyses are shown in table 1. The data indicate that, in the vicinity of Waiawa shaft, the upper part of the basal lens has chloride concentrations ranging from about 300 to 1,000 mg/L. The thickness of this degraded layer was not determined from field work for this study. However, as stated earlier, work by Mink and Kumagai (1971) and Tenorio and others (1969) indicates that this layer was from 200 to 300 feet thick in 1969. The layer may presently be thicker, owing to continued irrigation with water of higher chloride concentration.
Time-Series Analysis
The Stanford Biomedical statistical computer package, BMD-02T, was used to make statistical and spectral time-series analyses on the chloride concentration of Waiawa shaft water versus the pumping rate of Waiawa shaft, the chloride concentration of Waiawa shaft water versus the chloride concentration of Waipahu pump 6 water, and the chloride concentration of Waipahu pump 6 water versus the pumping rate of Waipahu pump 6, in order to investigate the statistical and phase relationships among these variables. Specifically, the time-series analysis was made to determine whether or not the data support the hypotheses that (1) the chloride concentration of Waipahu pump 6 water is derived from the underlying transition zone; (2) the chloride concentration of Waiawa shaft water is derived from high-chloride irrigation water from Waipahu pump 6; and (3) the chloride concentration in water at Waiawa shaft can be reduced if pumping at Waiawa shaft is increased to its pre-19?8 levels.
If the data support these hypotheses, then the time-series analysis would show that the pumping rate of Waipahu pump 6 and the chloride concentration of Waipahu pump 6 water are positively correlated (when the pumping rate of Waipahu pump 6 increases, the chloride concentration of the water from Waipahu pump 6 generally increases); that the chloride concentrations of the water from Waiawa shaft and Waipahu pump 6 are positively correlated, and that the chloride concentration of the water from Waiawa shaft and the pumping rate of Waiawa shaft are negatively correlated (when the pumping rate of Waiawa shaft increases, the chloride concentration of the water from Waiawa shaft generally decreases).
In addition, the time-series analysis should show that the time delay between a change in one variable and a corresponding change in a related variable is consistent with hydrologic data.
The time lag which produced the highest correlation coefficient is the time lag between the two series.
Graphs of the pumping rate of Waipahu pump 6, the chloride concentration of Waipahu pump 6 water, the pumping rate of Waiawa shaft, and the chloride concentration of Waiawa shaft water are presented in figures 8 through 11. 2. The pumping rate cycle precedes the chloride concentration cycle by 1.5 months, which is hydrologically reasonable.
In a study of the Waialua ground-water basin, Dale (1978) determined that it took about 5 weeks for the saline transition zone to start moving toward the wells after the onset of the summer pumping season.
3. The correlation coefficient, r, between the two series at a 1.5-month lag is 0.46.
Analysis of chloride concentrations of Waiawa shaft water and Waipahu pump 6
water.
Monthly data 1952-1959 1. Both show yearly cycles, though the cycle of chloride concentration of Waiawa shaft water is weaker.
Peaks in the chloride cycle at Waiawa shaft occur about January with some indication that a second maximum also occurs about April. Minima occur about August. 2. The Waipahu pump 6 chloride cycle precedes the Waiawa shaft chloride cycle by 5 months. Five months is a reasonable length of time for irrigation water to infiltrate to the water table.
Calculations using Darcy's Law with data obtained by Green and others (1982) and observations that infiltrating winter rain arrives at the Schofield shaft in the summer indicate that 3-6 months is the approximate time of i nfi1tration.
3. The correlation coefficient, r, between the two series is 0.13 at a 5-month lag. Although the r value is low, indicating only weak correlation between the two series, a t-test showed that the value was statistically significant within 95-percent confidence limits. From 1952-1959 the chloride concentrations at Waiawa shaft and Waipahu pump 6 were relatively low, thus other factors, such as var iabi 1 i ty in rainfall, could easily obscure the effect that irrigation water had on groundwater. Because the correlation coefficient between the two series was greatest at a 5 month lag, the physical process of irrigation-return water percolating through the over burden then mixing
with the groundwater appears to be reflected in this data.
Analysis of chloride concentration and pumping rate at Waiawa shaft.
Monthly data [1952] [1953] [1954] [1955] [1956] [1957] [1958] [1959] [1960] 1. Both series show a yearly cycle:
The pumping rate cycle is strong and the chloride concentration cycle is weaker.
Peaks in the pumping rate cycle occur about July and minima occur about January.
2.
Peaks in the pumping rate cycle precede minima in the concentration cycle by about a month. The actual lag time is probably less than a month; however, such a lag time would be difficult to resolve in an analysis of monthly data. 3. The correlation coefficient, r, between the two series lagged by 1 month is -0.27. Analysis of chloride concentration and the pumping rate at Waiawa shaft. Monthly data [1972] [1973] [1974] [1975] [1976] 1. The chloride concentration of the water from Waiawa shaft shows a strong 2-year cycle and a weaker 1-year cycle.
The pumping rate at Waiawa shaft shows a strong 1-year cycle.
The 2-year cycle in the chloride concentration may be due to the sugarcane harvesting schedule for field 515> which overlies the northern end of the shaft. This field was harvested in the summers of Although the correlation coefficients (r) between these pairs of time series are numerically low, t-tests showed that they are statistically significant within 95-percent confidence limits. Such low r values indicate that the prediction of the chloride concentration of the water from Waiawa shaft by a multiple regression equation would have a large standard error and would not be very useful. However, the fact that the correlation between Waiawa shaft pumping rate and chloride concentration is negative whereas the correlation between the other pairs of variables is positive supports the hypotheses that (1) the chloride concentration in water from Waipahu pump 6 is derived from the underlying transition zone; (2) the chloride concentration in water at Waiawa shaft is derived from high-chloride irrigation water from Waipahu pump 6; and (3) the chloride concentration in water at Waiawa shaft can be reduced if pumping at Waiawa shaft is increased to its pre-1978 levels. The reasonable lag times determined for pairs of related variables lend additional support to the hypotheses.
Analysis of Pumping and Chloride Concentration, Waiawa Shaft 1978 through 1979
Although the previous analysis supports the hypotheses concerning the processes which affect the chloride concentration of the water from Waiawa shaft, the analysis does not indicate the relative extents to which the chloride concentration of the water from Waipahu pump 6 or the pumping rate of Waiawa shaft controls the chloride concentration of Waiawa shaft water. Fortunately, the manner in which Waiawa shaft was pumped in 1978 and 1979 produced some evidence indicating that an increase of the Waiawa shaft pumping rate to its pre-1978 level, will help maintain the chloride concentration below 250 mg/L.
Specifically, from January through December 1978, pumpage from Waiawa shaft followed a pattern almost opposite to its ordinary pattern, as disclosed by the time-series analysis. Ordinarily, pumpage from the shaft was minimum around January, increased through July, then decreased through the following January.
However, in January 1978 pumpage increased to a yearly maximum, then steadily decreased to a yearly minimum in May-June, then steadily increased through 
Pumping Tests
The pumpage and chloride values at Waiawa shaft, which were obtained daily for some parts of the year-long test and twice daily for other parts of the test, were averaged and analyzed on a weekly basis. Graphs of the weekly values are presented in figure 12 . Medium-Rate Pumping Test, 14 Mgal/d, July 11, 1980 -February 28, 1981 Two rates of pumping, 10,420 gal/min (gallons per minute) for 20 hours and 6,250 gal/min for 4 hours, were maintained each day so that the daily average rate was about 14 Mgal/d. The pumpage value of 14 Mgal/d was chosen because it was the lowest rate that could be practically maintained for an extended period of time. A low rate was desired to maximize the effects of irrigation-return water. To further refine the analysis of the hydrologic system at Waiawa shaft, the pumps were completely shut down for two weeks from March 17-30, 1981 , and samples for chloride analyses were taken daily from the pump sump. Data are presented in figure 12 .
In the first week of shutdown, the chloride concentration of the water from Waiawa shaft rose from 25^ to 268 mg/L. During the second week of the test, the chloride concentration of the water from Waiawa shaft remained constant at 268 mg/L. These data can be explained by the following sequence of events. The following description supports the hydrogeologic understanding of Waiawa shaft derived from flow-rate data obtained along the length of the tunnel in 1951-These data, presented in figure 13> show that nearly half the flow from the tunnel originates from a 400-foot zone at the northern end of the 1,700-foot tunnel. These wells should be drilled to a depth of approximately 400 feet below sea level. A review of existing data and additional testing would be required for a more complete appraisal of this alternative.
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